Abstract: This paper presents the investigation into the viability of a hybrid diode-thyristor High Voltage Direct Current (HVDC) rectifier. The large-scale usage of HVDC transmission is limited by several factors and one of the most important factors is the high cost of conversion equipment. In a traditional HVDC system, a 12-pulse thyristor converter is used. In the proposed hybrid circuit, the lower 6-pulse thyristor bridge (which is connected with a Y-Y transformer), is replaced by a cheaper diode bridge. This reduces the overall capital cost of the 12-pulse rectifier, but has implications regarding the operational behavior of the HVDC terminal and system. The operational behavior of this hybrid diode-thyristor converter under static and dynamic conditions is verified with the simulation package EMTP RV.
INTRODUCTION
HVDC power transmission [1, 2, 3, 4] is now a mature technology since its first installation in 1954 at Gotland. Today HVDC transmission is a major user of power electronics technology and employs the latest techniques for the traditional thyristor line-commutated converters as well as the newer VSC-based forced-commutated converters. However, as generation and utilization of power remain at alternating current, the DC transmission requires power conversion at the two ends, i.e. from AC-DC at rectifier end and from DC-AC at inverter end. The main problems of DC transmission are still the high cost of conversion equipment, inability to use converter transformers to alter voltage levels rapidly and in a significant way, generation of harmonics, and requirement of reactive power and the complexity of controls. To overcome these disadvantages, several attempts have been made to consider new alternatives to reduce the costs of DC transmission [5, 6] . In this paper, investigations are focused on: * Reduction of the cost of the converter bridge, and * Replacement of the converter transformer with cheaper equipments.
HVDC terminals usually consist of two 3-phase converter bridges connected in series to form a 12-pulse converter unit. Series connection of the two 6-pulse bridges (one with Y-Y and the other with Y-D converter transformer connections) has been preferred because of (a) the cancellation of cumbersome low-order characteristic harmonics (i.e. 5th and 7th), (b) higher voltage rating, (c) protection and reliability requirements of the converter. These converter bridges are the most costly parts in the terminal. Our proposal is to replace one 6- rating of the diode is much higher than that of a thyristor resulting in a fewer number of switches to build a valve unit; this translates into lower costs and lower losses. Finally, for the diode bridge no control unit is needed. So, cost of the equipment is further reduced from the traditional thyristor unit. The next attempt is to replace the Y-Y connected converter transformer with an inductance equivalent to the leakage inductance of the transformer. The inductance serves to (a) protect the diode bridge from lightening strikes, (b) limit the fault currents caused by any short circuits, and (c) balance the DC voltages on the two 6-pulse bridges.
This paper describes a new hybrid diode-thyristor HVDC rectifier model for possible reduction of costs of HVDC transmission rectifier terminal equipment. The objective of this paper is to compare and assess the design and performance of the hybrid model versus the traditional model under both static and dynamic conditions. Comparison of the static and dynamic characteristics of these two models are made using the simulation package EMTP RV.
PROPOSED HYBRID DIODE-THYRISTOR RECTIFIER
In the traditional HVDC system, a conventional 12-pulse thyristor rectifier is used. In this proposed hybrid model, the lower 6-pulse bridge (which is connected with a Y-Y transformer) is replaced by a diode bridge. The upper 6-pulse bridge (which is connected with a Y-D converter transformer) is a thyristor bridge. So for the diode bridge, no control circuit or gate firing unit are needed. The rest of the HVDC terminal is composed of the AC side of the system, AC and DC Filters, DC side of the system and a control and gate firing trigger unit for the thyristor bridge. Therefore, for the proposed model, capital costs will be reduced and an improved reliability would be achieved due to a simpler converter and lower component count. The simulated system is depicted in Figure la . It is based on a 12-pulse 500 kV, 1.6 kA monopolar HVDC system which is available in the examples section of EMTP-RV. The rectifier side is modelled in greater detail, but the inverter side is represented quite simply by a DC voltage behind a diode. Since the focus of the study is at the rectifier side of the DC system, this model is deemed adequate. However, due to the simple inverter end, caution must be applied in interpreting some of the test results on the DC system; these constraints will be identified in the results presented later.
The AC system at the rectifier is modelled as a source of 230 kV behind an impedance (Ls = 44.58 mH and Rs = 1.15 ohms) providing a system with a short circuit ratio of SCR = 2.3. The AC filter bank details are listed in Table 1 in the Appendix; they provide filtering and reactive power support information. The converter transformer details are also provided in the Appendix. On the DC side, two smoothing reactors (Ld = 350 mH and Rd = 2.5 ohm)s are employed at the two ends of the DC system. The DC filter details are also provided in the Appendix in Table 2 .
Two versions of the modelled system are used for this study. 2. Hybrid Model: In this version, the lower Y-Y connected, 6-pulse converter is replaced by a diode based unit. Since this converter would generate a higher DC voltage due to an ignition angle alpha of zero, the turns ratio of the Y-Y converter transformer is modified to reduce its DC voltage to maintain the DC system voltage at the same value as the base case. The Y-D converter transformer tap ratio is also adjusted to provide a higher alpha setting to enable the total rectifier to have enough dynamic operating range. This causes an unequal alpha for the two converter transformers and 6-pulse bridges and generates the lower characteristic harmonics such as the 5th and 7th harmonics on the AC side and the 6th harmonic on the DC side. A measurement of the AC-DC harmonics in the traditional and hybrid model (Table 3) shows this to be true. This is one of the detrimental consequences of this converter arrangement. And, the necessary filters to remove these harmonics will be needed adding to the cost of the terminal. One other component is added to this system in the shape of an AC breaker in the supply to the diode converter; the reason for this will be evident later on during recovery from a DC line fault.
The simulated current control system is shown in Figure lb . The same controller is used for the two models. The measured value of the DC current Id is compared to a reference current I, and the error signal Ie is generated. A PI regulator is used to minimize this error and a firing alpha order is outputted to the firing pulse generator. This firing pulse generator employs a phase lock loop circuit to synchronize the firing pulses to the rectifier AC voltages.
TEST RESULTS
The following assumptions are made for comparing these two options for both static and dynamic operational conditions: * Since we are considering only the rectifier side of the HVDC system, the model of the inverter side is simplified as a fixed DC voltage behind a diode, * Both options deliver the same amount of power to the inverter, 
StaticCharacteristics (Figure 2)
The results shown for both the options are the DC output voltage Vd and DC current Id, current order Io, firing angle alpha a, AC bus voltages V, AC active power Pac, AC reactive power Qac, valve voltages V, and valve currents I,.
The AC bus voltages of the two options are similar but a higher harmonic distortion level is evident in the hybrid model due to a higher operating firing angle for the thyristor bridge. The firing angle for the traditional converter is 190 (for both of its 6-pulse bridges) but for the hybrid converter the firing angle is 290 for the 6-pulse thyristor bridge (which controls the DC voltage) as the other bridge is a diode bridge operating at alpha angle of zero. Comparisons of the output DC current and DC voltage from the two options can be seen in Figure 2 . It can be seen that the hybrid option contains more harmonics in Vd and Id than the traditional option because its single thyristor bridge operates at a higher alpha. AC active and reactive powers are intended to be the same for both options; however, this will need monitoring and re-adjustment of the firing angle and maybe tuning of the filter banks. The main observable difference between the two options is in the valve voltages and currents; at least from the harmonics point of view. The hybrid option valve voltages and currents contain a lot more harmonics. In order to reduce these to acceptable levels, the operating point will need re-adjustment. This means that the converter transformer of the thyristor bridge of the hybrid option will need to have its turns ratio reset. Table 3 shows the harmonic analysis of some characteristic harmonics on the rectifier AC bus voltages, DC voltage Vd and DC current Id of the two options. These figures should be used only for comparative purposes; for instance, if the operating point of the hybrid model is adjusted, the generated harmonics will be changed. That would be the recommended scenario to reduce the harmonic content, but a re-set of the transformer tap ratio would be necessary.
Dynamic Characteristics
Six tests are presented to investigate the dynamic performance of the hybrid model and compare it to the traditional model [4] :
Step change in DC current order IO (Figure 3 ): A 20% step change in the current reference value of the DC current is applied at 200 ms and removed at 300 ms. The measured DC current Id follows the ordered value of current I, The step changes are well controlled. The valve voltage shows the firing angle alpha as the step change is applied; the value of alpha is increased to 27.60 from about 190 for the traditional model and to 450 from about 290 for the hybrid model. The test illustrates that the hybrid model has the dynamic capability, even with only one 6-pulse thyristor bridge (i.e. half the capability of the conventional bridge), to be able to control the firing angle and subsequently its DC current. However, if the operating point is reset to lower the harmonic generation, then the dynamic range of the controller would also be limited. Three phase fault at AC bus of rectifier ( Figure 5 ): A 3-phase fault is initiated at 200 ms removed at 300ms. The valve voltage is distorted for both the models and the value of alpha cannot be accurately measured. It takes a long time to recover from the fault. The significant feature of this fault is the recovery period. The fault causes the AC voltage to collapse and that reduces the DC current to zero due to a lack of the driving source voltage. The action of the Voltage Dependent Current Limit (VDCL) protection drops the current order I, to its minimum valueImin = 0.2 pu. However, the absence of the driving AC voltage at the rectifier prevents the current from recovering. When the fault is cleared, the in-rush current in the converter transformers is large and causes distortion in the AC bus voltages, and large over-voltages greater than 2 pu to appear; this is a reflection of the strength (low SCR) of the AC system. The distortion due to the in-rush current is also evident in the DC current of the hybrid model. Figure 6 ): A DC line fault is applied from 200 ms to 250 ms at the DC line side of the rectifier. The fault causes the DC voltage to collapse and the rectifier DC current to rise rapidly to a value greater than 2.0 pu for the traditional model. However, for the hybrid model, this value is much greater and rises to 4.0 pu. The subsequent action of the VDCL causes the current to be limited to its Imin value in the traditional model. However, in the hybrid model, the current cannot be reduced simply by the action of the VDCL as the uncontrolled diode bridge continues to feed current into the fault. Traditionally, to recover from a DC fault, a forced retard (FR) alpha command is applied to send the rectifier alpha to around 1400 i.e. into inverter region, to extinguish the fault current and deionize the fault arc. There is a big difference between the traditional and the hybrid model recoveries following the fault application. For the traditional model there are two 6-pulse thyristor (controllable) converters operating in series, so the FR action is enough to force the DC current to zero. But for the hybrid model, (with only one 6-pulse thyristor controlled converter and one 6-pulse diode uncontrolled converter operating in series), it takes a long time to reduce the fault current. In fact, the faulted DC current could not be extinguished without additional assistance in the form of opening an AC breaker on the AC bus (Figure 7 ). This represents one serious operational difficulty with the introduction of the hybrid model. Following the extinction of the DC fault current, the In the case of the traditional model, the recovery is controlled and follows the VDCL characteristic. However, the recovery with the hybrid model proved to be much slower due to an oscillating regulator.
DC line fault (
5. Block/Deblock of rectifier firing pulses (Figure 8 ): Blocking of the rectifier firing pulses is done from 200 ms for a period of 100 ms. In both models, the DC current is reduced to zero during the blocking period. During this period, the current order is set to Imin = 0.2 pu by the VDCL unit in preparation for the recovery period. The alpha value is increased when the firing pulses are blocked (to about 1050 for the traditional model and to 1500 for the hybrid model).
When the firing pulses are released, the DC current rapidly jumps to 0.2 pu and then follows the up ramp of the VDCL unit. (Figure 9 ): In this test, a valve misfire is caused by a missing firing pulse for one cycle (16 ms) starting from 200 ms. Usually a single misfire is self-clearing and no special control actions are necessary. However, a multiple CF can lead to the injection of AC voltages into the DC system. Control action may be necessary in this case. The responses of the DC current in both models is virtually identical. However, the operating range of the firing angle in the hybrid model is considerably much larger, since there is only one 6-pulse bridge capable of control action to aid in the recovery process to bring the DC current back to its nominal value. The behavior of the controller is quite stable in both cases.
CONCLUSION
This paper presents a comparative evaluation of the static and dynamic performance of a traditional HVDC rectifier with either a 12-pulse thyristor converter or a hybrid model comprising of a 6-pulse thyristor converter and a 6-pulse diode converter. The EMTP- RV simulation package is used to evaluate the steady state and dynamic performance of the two options. Important savings in capital and operating costs can be achieved by using this option as compared to the traditional 12-pulse thyristor converter. However, there are other penalties incurred due to higher harmonic generation and difficulties in dynamic performance. The potential cost savings are reduced as a result. Furthermore, the dynamic performance suffers since now in the hybrid option only half the converters are controllable. This is particularly evident in the case of a system recovery from a DC line fault.
In future work, a semi-controlled bridge will be used to replace the 6-pulse diode-thyristor rectifier option and the Y-Y converter transformer will be replaced with an equivalent impedance. 
